ABSTRACT The effects of breeding habitat characteristics on the larval density of Anopheles minimus Theobald were studied in a perennial stream in the foothills of Chiang Mai province, northern Thailand. Data on 41 different variables related to plant cover and stream physical attributes in 200 sections, each 10 m long, were collected along with larval data during the dry and wet seasons of 1998 and 1999. Larval density was signiÞcantly higher in the dry season than in the wet season. In the dry season, An. minimus density was negatively correlated with water current velocity, height of aquatic large-leaved plants, and height of riparian small-leaved plants; and positively correlated with the cover of riparian ferns. The dry season prediction model, which explained 51% of the variation of An. minimus, was as follows: y min ϭ 0.1980 Ð 0.1733*water velocity Ð 0.0317*height of aquatic large-leaved plants Ð 0.0249*height of riparian small-leaved plants ϩ 0.0192*cover of riparian ferns Ð 0.0170*height of stream banks. The inßuence of vegetation characteristics on larval density may not be as large as previously assumed. We conclude that factors other than those measured here may account for a large part of the variation in larval density.
MALARIA IS A serious health problem in the rural, forested, and hilly areas along the national borders of Thailand (Ketrangsee et al. 1991) . One of the main malaria vectors in these areas is Anopheles minimus Theobald (Ismail et al. 1974 , Ratanatham et al. 1988 ). For years, treating houses with DDT was the general method of malaria control in Thailand (Ministry of Public Health 1991). However, in 1995 the import of DDT to the country was forbidden. The reasons for removing DDT from malaria control program were based on reports of increasing vector resistance and adverse impacts to the environment (Charoenviriyahpap et al. 1999 ). Thus, the need for new control alternatives is of high priority. Mosquito control methods should aim at intervention during each stage of the mosquitoÕs life cycle. The breeding habitat is crucial for mosquito population dynamics, because it is the location where many important life cycle processes take place: oviposition, larval development, emergence, and probably resting, swarming, and mating. Knowing the ecological characteristics of the breeding habitat and what environmental factors affect mosquito abundance is therefore essential for developing new mosquito control methods.
Anopheles minimus breeds throughout the year along grassy and shaded banks of stable, clear, and slow-moving streams (Muirhead Thomson 1940a , Dev 1996 . Teng et al. (1998) explained Ϸ50% of the spatial and temporal variation of An. minimus larval density at Þve different localities in Taiwan using a prediction model, which included water velocity, conductivity, and six different water biochemical variables. They suggested that the remaining unexplained 50% of the variation might be attributed to aquatic plants that provide shelter from ßooding and predators. In other studies, vegetation was used as a basis for classiÞcation of mosquito larval habitats (Rejmankova et al. 1992 , Rodriguez et al. 1993 ). For example, Savage et al. (1990) found that the abundance of An. albimanus larvae in Mexico was associated with the presence of ßoating plants during the dry season and with emergent plants during the wet season.
Generally, there is an increase in pollution and a decline in species richness in catchments with increasing levels of human development (Hall et al. 1998 ). This indicates healthier conditions in upstream locations than in more developed areas further downstream. In upstream forest fringe areas of northern Thailand, observations suggest that water quality within streams is quite homogeneous (A. Sugiyama, personal communication) . Therefore, it is reasonable to assume that other factors; e.g., water velocity, aquatic and riparian plants, or predators might affect larval development and survival more than water quality at such locations. Furthermore, shade has been shown to be an important factor for An. minimus larval presence (Muirhead Thomson 1940a) . This indicates that plant growth-form might be more important than plant species.
In this article we examine how physical and vegetational characteristics of the stream habitat inßuence An. minimus larval density. The objective was to build a predictive model for streams with little or no spatial and temporal within-stream variation in water quality. Additionally, we studied seasonal differences in the effects of these physical and vegetation factors on mosquito larval density.
Materials and Methods
Study Site. The study was carried out in Huay Mae Khachan, a perennial stream in Pang Mai Daeng village in Mae Taeng district of Chiang Mai province, northern Thailand (N 19Њ 08Õ, E 98Њ 52Õ) (Fig. 1) . The area is located Ϸ50 km north of Chiang Mai city at 400 Ð 600 m above sea level. The stream drains southeastwards into the Ping River. The valley is covered with paddy Þelds, agricultural crops, and fruit orchards, and it is surrounded by hills with tropical deciduous forests. Generally, the region is characterized by a wet season (MayÐSeptember) and a dry season (OctoberÐApril). Measurements of pH, NO3, NH4, COD (chemical oxygen demand) taken at different locations in the Mae Huay Khachan stream in 1992 and 2001 indicated that there was no signiÞcant variation of these variables and that there were no large changes occurring between the years (A. Sugiyama, unpublished data; H.J.O., unpublished data). Water temperature measurements undertaken in this stream in 1992, 1998 and 2001 indicated that there were no signiÞcant differences in water temperatures between locations, but that there were differences between seasons (A. Sugiyama, unpublished data; H.J.O., unpublished data).
Larval Collections. Larvae were collected during two consecutive days every month from February 1998 to September 1999. Based on a pilot study from November 1997 to January 1998 and previous data from Takagi et al. (1995) , three stream segments (zones 1, 2, and 3) were selected as sampling areas (Fig. 1) . The criteria for selecting these zones were based on higher larval density than in other areas and on the sampling capacity of the collection teams (two persons per team). Zones 1 and 2 were 900 m long and zone 3 was 200 m long. Each zone was divided into sections 10 m long, in which larvae were sampled during 2 d per month; thus, a total of 200 sections were sampled. On each sampling day, one dip per meter was taken on each side of the stream in each section directly at the edge of the stream. Thus, for each collection day a total of 20 dips was taken in each section, 10 on each side. The dipper was 13 cm in diameter and 6.5 cm deep. Mosquito larvae were stored in 70% alcohol for later identiÞcation. Third-and fourth-instar larvae were identiÞed to species, whereas Þrst-and second-instar larvae were classiÞed to genus (Anopheles spp.). Pupae were not included in the study, because of very low numbers collected.
Stream Habitat. Data concerning physical and vegetation characteristics (Table 1) were generally recorded from a point at the middle of each 10-m section. Data for the wet season were recorded in August 1998 and for the dry season in December 1998.
The presence of banks (BANKS), deÞned as a slope of Ϸ90Њ with a height Ն0.2 m, was classiÞed as "absence of banks," "banks on one side," or "banks on both sides" of the stream. Average height of the left and right hand stream banks (BANKHT) was recorded. The width of the streambed (WIDTHS) was the distance between the banks as opposed to the width of the stream (WIDTH), which was the distance between the edges of the water. In a 1-m 2 quadrat in the middle of the stream, stream bottom (BOTTOM) was assigned one of four classes: mud, sand, gravel, or rock.
The velocity of water current (VELOCITY) was measured by a water current meter (TK-1050 hours, Toho Keisoku, Tokyo, Japan) in the middle of the stream. In addition, dry season water velocity was measured at 0.2 m from the shore on both sides of the stream in 180 sections (zones 1 and 2). Water depth (DEPTH) was measured at the left and right sides of the stream, Ϸ0.2 m from the shore, and then averaged. Water turbidity (TURB) was estimated in the middle of the stream and classiÞed into three classes. Water was classiÞed as "clear" if the bottom was visible or if it was possible to see deeper than 50 cm; as "semiclear" if the bottom was not visible or if it was not possible to see deeper than 50 cm; and as "turbid" if the water was semiclear with a distinct stagnant smell.
Water edge characteristics were estimated along a 5-m length of stream edge in the middle of each 10-m section on both sides of the stream. The average percentage cover of soil (EDGES), gravel (EDGEG), rock (EDGER), wood (EDGEW), leaves (EDGEL), living plants (EDGEP), dead plants (EDGEDP), branches (EDGEB), debris (EDGEDE), roots (EDG-ERO), and Þne roots (EDGEFR) of the two edges were recorded.
Riparian vegetation shorter than 2 m growing on the shore and giving shade to the edges of the stream was considered to be overhanging plants (OVER), and the average percentage cover of both sides of each section was estimated. Within a 0.5 m wide and 5 m long zone on each side of the stream, the cover of ßoating (FL, FS, FT) and emergent aquatic plants (AQL, AQS, AQT) was estimated, and height of emergent aquatic (AQLH, AQSH, AQTH) plants was measured. Floating and emergent aquatic plants were separated into three classes based on growth structure, these were as follows: "large-leaved plants" (leaf area Ͼ1 dm 2 ); "small-leaved plants" (leaf area Ͻ1 dm 2 ); and "thinleaved plants" (grasses) . Cover and height of riparian Þeld layer plants (height Ͻ3 m) were estimated and measured in one 1-m 2 quadrat on each side of the stream. The quadrat was randomly placed Ϸ1 m from the stream edge. Riparian Þeld layer plantsÑfor simplicity called "riparian plants"Ñwere classiÞed as above, but with an additonal category of "ferns" (LARGE, SMALL, GRASS, FERNS). Vegetation cover was classiÞed into Þve categories: class 1: Ͻ5% cover; class 2: 5Ð25% cover; class 3: 25Ð50% cover; class 4: 50 Ð75% cover; and class 5: Ͼ75% cover. In the dry season, from a selection of 20 sections, the cover of all riparian plants was estimated and plants identiÞed to species. The identiÞcation of plants was done by J. F. Maxwell (Chiang Mai University Herbarium). The cover provided by individual plant species was not used in the analysis.
The total tree basal area (TBA) (m 2 /ha), an estimate of tree density (stem cover), was measured by a relascope in each section. A relascope is an angle gauge (50 cm long with a 1 cm wide horizontal crosspiece) used for counting trees in a circle from a central sampling point (here: middle of stream) (Bitterlich 1948) . Only trees that are larger in diameter than the angle are counted, therefore the circular plot has no Þxed radius. Two vertical canopy photographs were taken at midsection, one slightly downstream and the other slightly upstream. The photographs were scanned and preprocessed, and a computer algorithm estimated the number of pixels with vegetation in relation to the total number of pixels. The average of the two photos was calculated to represent the percentage canopy cover (CANOPY). Tree height (TRH) and height to lowest branch (TRLB) of trees immediately above the stream were also estimated. Trees were deÞned as plants taller than 2 m, with a stem width of Ͼ10 cm at 1.3 m height. Data Analysis.Larval density and habitat data were separated into dry and wet season data sets, because we expected seasonal differences in larval density and stream habitat dynamics. The density of An. minimus and An. spp. were ͌x transformed and tested for normality using the Shapiro-Wilks statistic, W (Shapiro and Wilk 1965). Because larval densities were not normally distributed, we created a new data set by combining three adjacent sections. Thus, the 200 sections that were 10 m long were reduced to 67 sections that were each 30 m long. The mean density of the three sections was ͌x transformed and the habitat variables were averaged. Normality tests of the new larval density distributions were repeated. t-Tests were performed to test if there were differences in mean density between the dry and wet seasons. PearsonÕs multiple correlation analysis of larval and habitat data were performed for each season. After examining the results of the correlation analysis, habitat variables were selected for the regression analysis by removing one of two correlated variables. Finally, stepwise regression with forward selection was used to Þnd the best prediction model. Only variables that met the 0.5 signiÞcance level were entered into the model. All statistical computations were performed using SAS software (SAS Institute 1996) .
Results
The total number of larvae collected was 4,561, of which 53% were identiÞed as An. minimus (third and fourth instars) ( Table 2) . Forty-four percent was Þrst-and second-instar larvae and identiÞed as An. spp. A subsample (n ϭ 191) of the An. spp. group was identiÞed to subgenus. Of this sample, Ϸ80% belonged to subgenus Cellia. The most common species of this subgenus in this area is An. minimus, indicating that most An. spp. were probably young An. minimus. If so, the proportion of An. minimus would amount to Ϸ90% of all collected specimens.
Dry The abundance of larvae generally increased during the dry season; however, in the Þrst year (1998), peak densities occurred in the late dry/early wet season, and in the second year (1999) they occurred in the early dry season (Fig. 2) . The ͌x-transformed dry season densities of both An. minimus and An. spp. in the 10-m sections were not normally distributed (W ϭ 0.97, P Ͻ 0.01 and W ϭ 0.94, P Ͻ 0.0001, respectively). In contrast, the dry season densities from the 30 m long sections were normally distributed (W ϭ 0.96, P Ͼ 0.1 and W ϭ 0.97, P Ͼ 0.3, respectively). The mean density per 30-m section of An. minimus was 23.0 larvae per 120 dips (19.1Ð27.0, 95% CI) in the dry season and 12.8 larvae per 120 dips (10.6 Ð15.0, 95% CI) in the wet season. For An. spp. the corresponding mean densities were 14.8 (12.6 Ð17.0, 95% CI) and 10.8 (8.9 Ð12.7, 95% CI) for the dry and wet seasons, respectively.
The PearsonÕs analysis revealed many correlations between habitat variables. All plant cover and plant height variables were positively correlated. Stream edge with sand or with gravel was negatively correlated with many of the plant variables. We removed correlated variables we perceived to be of lesser eco- (Table 4) . These data sets were used in the stepwise regression analyses. In the dry season, density of An. minimus was negatively correlated with water current velocity (VE-LOCITY, r ϭ Ϫ0.39, P Ͻ 0.001, N ϭ 67), height of large-leaved aquatic plants (AQLH, r ϭ Ϫ0.26, P Ͻ 0.05, N ϭ 65), height of riparian small-leaved plants (SMALLH, r ϭ Ϫ0.27, P Ͻ 0.05, N ϭ 65) and positively correlated with cover of ferns (FERNS, r ϭ 0.26, P Ͻ 0.05, N ϭ 65). The best prediction model for An. minimus density for the dry season was as follows: y min ϭ 0.1980Ð0.1733*VELOCITYÐ0.0317*AQLHÐ 0.0249* SMALLH ϩ 0.0192*FERNSÐ 0.0170*BANKHT ϩ 0.0017* DEPTH Ϫ 0.0016*EDGEW ϩ 0.0011*EDGEDE (R 2 ϭ 0.51, P Ͻ 0.001). The portion of the variability explained by other variables was very small and is not reported.
The density of An. spp. for the dry season was negatively correlated with water current velocity (VELOC-ITY, r ϭ Ϫ0.43, P Ͻ 0.001, N ϭ 67), height of small-leaved plants (SMALLH, r ϭ Ϫ0.27, P Ͻ 0.05, N ϭ 65), and height of aquatic grasses (AQTH, r ϭ Ϫ0.25, P Ͻ 0.05, N ϭ 65); and positively correlated with height of ferns (FERNSH, r ϭ 0.29, P Ͻ 0.05, N ϭ 65), and water depth (DEPTH, r ϭ 0.25, P Ͻ 0.05, N ϭ 65). The prediction model for An. spp. density for the dry season was as follows: y an ϭ 0.1457Ð 0.1387*VELOCITY ϩ 0.0455* FERNSH Ϫ 0.0214*BANKHTÐ0.0179*SMALLHÐ0.0173* AQLH ϩ 0.0026*DEPTH Ϫ 0.0013*EDGEW ϩ 0.0013* EDGEL (R 2 ϭ 0.55, P Ͻ 0.001). The same procedure was repeated for the wet season with the selected sets of variables for An. minimus and An. spp. data (Table 4) . As for the dry season data, the ͌x-transformed wet season densities of both An. minimus and An. spp. in the 10-m sections were not normally distributed (W ϭ 0.92, P Ͻ 0.0001 and W ϭ 0.92, P Ͻ 0.0001, respectively). In the 30 m long sections the ͌x-transformed density of An. minimus was not normally distributed and the deviation from normality of the distribution of An. spp. density was almost signiÞcant (W ϭ 0.95, P Ͻ 0.05 and W ϭ 0.96, P ϭ 0.0594, respectively). The R-square of the Þtted model for An. minimus was only 34.5% (F ϭ 3.42; df ϭ 8, 52; P Ͻ 0.01) and for An. spp. 24.8% (F ϭ 4.78; df ϭ 4, 60; P Ͻ 0.01). Therefore, the results of the wet season are not reported further here.
Discussion
Our results indicate that physical and vegetational habitat variables do explain some of the within-stream variation in An. minimus larval density. The predictive models Þtted for the dry season data explained Ϸ51Ð 55% of the variation. The most important single variable associated with larval density was water current velocity (partial R 2 ϭ 17%). However, together, three plant parameters explained Ϸ26% of the variation in larval density; these were height of aquatic largeleaved plants (10%), cover of riparian ferns (10%), and height of riparian small-leaved plants (6%). Thus, within the dry season in perennial streams where larval density is not expected to vary because of water biochemical factors, Ϸ45Ð50% of the variation is left unaccounted for. Possible factors affecting larval density within streams might be the presence of predators, stream sinuosity, locations of rifßes and pools, variations in stream ßow, or larval drift, i.e., the accidental or behaviorally initiated downstream transport of larvae. Additional factors may be aspects of adult behavior, such as the location of resting sites before and after oviposition, microclimate, or other factors relating to the selection of the oviposition site. Teng et al. (1998) found that water velocity and biochemistry accounted for 50% of An. minimus density variation among streams at Þve different locations in Taiwan and suggested that the unexplained 50% might be attributed to vegetation characteristics. Because their study was undertaken over an entire year, some of this variation may be the result of seasonal effects. Our dry season results indicate that Ϸ26% of the variation was explained by vegetation characteristics. Thus, when comparing larval densities among streams of different water quality, a large part of the variation is still left unaccounted for.
Therefore, there must be additional factors, not considered here or by Teng et al. (1998) , that contribute to the observed variation. For example, the use of pesticides in fruit orchards and agricultural Þelds, as well as other pollutants, such as laundry detergents released in the stream, may affect adult and larval populations negatively. It is known that herbicide and insecticide use in fruit orchards is intensive in northern Thailand (Wehner 2000) . But, in general, there is little quantitative information about the use of agricultural pesticides from the region. The area of fruit orchards increased four-fold and agricultural Þelds increased by almost 50% between 1983 and 1995 in the study area (unpublished data). Some of these areas are situated within 1 km upstream from zone 1 and further upstream there are large continuous areas of deciduous forests. Most of the agricultural crop and fruit cultivation, however, takes place further downstream.
The effect of water current velocity deserves closer inspection, because, in our study, this variable was negatively associated with An. minimus larval density (r ϭ Ϫ0.39 and r ϭ Ϫ0.43 for An. minimus and An. spp., respectively), whereas Teng et al. (1998) found a positive association (r ϭ 0.23). Although we found a stronger correlation between larval density and water velocity, we cannot compare the two studies because Teng et al. (1998) did not report partial regression coefÞcients. However, when comparing mean water velocity, we found that, although the range was approximately the same in both studies (Table 3) , mean velocity in our study was almost double that of the Taiwanese study. Teng et al. (1998) argued that the positive association with water velocity indicates that An. minimus larvae prefer moving water. It is true that An. minimus breeding is associated with running water, nevertheless females prefer to oviposit in still water, even over very slowly running water (Muirhead Thomson 1940b) . Muirhead Thomson (1940b) further reported that An. minimus occurs in streams with velocities between 0.015 and 0.27 m/s, within an optimum range of 0.015 and 0.165 m/s. However, these velocities do not reßect the conditions at stream edges where larvae are found. Laboratory experiments on the resistance of larvae to water ßow showed that the mean ßushing point for full-grown An. minimus larvae was only 0.087 m/s (Muirhead Thomson 1940b). In our study, the dry season mean water velocity at the edges was 0.19 m/s (range, 0 Ð 0.68 m/s). Of the 180 sections in zones 1 and 2, 47 sections (26%) had a velocity lower than 0.087 m/s, indicating that many areas were favorable for oviposition and larval development. A plausible explanation for the opposite associations of larvae and water velocity in Thailand and in Taiwan, could be the higher velocity in the Thai location. The optimum range was exceeded, increasing the risk of larval drift. Furthermore, a stable habitat, such as perennial streams, seems to be a requisite for continuous breeding of An. minimus (Muirhead Thomson 1940b , Rattanarithikul et al. 1995 . In the study of Teng et al. (1998) , three of the Þve streams investigated either dried out or were ßooded during some months of the year, thus producing temporary habitats. This may have been a reason for their positive correlation with water velocity. To conclude, the effect of water velocity on larval density in perennial streams seems to be contrary to that in temporary streams.
Another possible explanation for the different responses to water velocity in the two locations may be that there are different subspecies or forms of An. minimus, each having a different set of behavioral characteristics and ecological preferences (Van Bortel et al. 1999 ). However, uncertainties still exist about the distribution patterns of the different subspecies (e.g., Green et al. 1990 , Sharpe et al. 1999 .
The seasonal variation in An. minimus larval density showed a major peak in AprilÐJune and a second minor peak in DecemberÐJanuary. Low densities were found during the wet season when high water velocities probably ßushed larval habitats. This pattern is consistent with other studies on this species , Teng et al. 1998 .
We cannot be sure of the actual oviposition sites of An. minimus, because we did not sample egg populations, nor ovipositing females, although the observations concerning young instars may give some indications. From the y an model, the plant variables showing the strongest relative importance were the heights of ferns (10%), small-leaved riparian plants (7%) and aquatic large-leaved plants (5%) ( Table 5 ). Height and cover of these plant groups were positively correlated, indicating that cover may be as important as height. It seems likely that plants on the shore exert their inßuence mainly on the ovipositing female and not on the larvae. These plant groups might act as resting places for ovipositing females, although the resting habits of mosquitoes before and after oviposition have not been clearly investigated. Interestingly though, and supporting our Þndings on the importance of ferns, Wharton (1950) found that several Anopheles species in Malaya preferred to rest in short vegetation, primarily in areas of ferns and grasses growing underneath a canopy of mature trees.
We found a negative association between the height of small-leaved plants and larval density of both An. spp. and An. minimus. Because height and cover were correlated (SMALL and SMALLH: r ϭ 0.59, P Ͻ 0.0001, N ϭ 65), an increase in height (or cover, or both) seems to be related to lower larval numbers. This is in accordance with Suwonkerd et al. (1996) , who found low larval numbers in very densely vegetated stream sections with low illumination. After having removed vegetation in those sections, they found that larval density increased signiÞcantly compared with the control sections. Muirhead ThomsonÕs (1940a) experiments on the effect of shade showed that a very dense shade was still attractive to ovipositing females. However, a secondary effect of the shade was that grasses in the water died off, water current velocity increased and larval numbers decreased. He also showed that the densest shade was produced by a small-leaved plant called Duranta (probably of the genus Duranta L., Verbenaceae) and not by a large-leaved plant, which was called Titapat (not found in Missouri Botanical GardenÕs online nomenclatural database, W 3 TROPICOS: www.mobot. org). An additional explanation for lower larval numbers with increasing cover of small-leaved plants is that the reduced light levels under a dense canopy may induce behavioral drift, a phenomenon governed by light levels and usually occurring at night (Allan 1995) .
To our knowledge, this study is the Þrst attempt to analyze the complex relationships between An. minimus larvae and a large number of vegetation and stream habitat variables. We have shown that plant factors, such as height and cover, do not seem to affect An. minimus larval densities as much as previously assumed. Other factors relating to the behavior of the adult ovipositing female and physical factors of the stream habitat may be equally or more important. 
